We show with systematic photoemission spectroscopy and scanning tunneling spectroscopy data that a spin helical surface state appears on the (110) surface of non-centrosymmetric, three dimensional HgTe. The topological surface state in HgTe exhibits sharp, linear dispersion without kz variation, as well as clear, left-right imbalanced spin polarization and circular dichroism. Chemical gating by alkali metal deposition on the surface causes the unexpected opening and/or increase of a surface insulating gap without changing its topological property. Such unusual behavior we uncover in three dimensional HgTe sheds light on convenient control of the Fermi surface and quantum transport in a topological insulator.
We show with systematic photoemission spectroscopy and scanning tunneling spectroscopy data that a spin helical surface state appears on the (110) surface of non-centrosymmetric, three dimensional HgTe. The topological surface state in HgTe exhibits sharp, linear dispersion without kz variation, as well as clear, left-right imbalanced spin polarization and circular dichroism. Chemical gating by alkali metal deposition on the surface causes the unexpected opening and/or increase of a surface insulating gap without changing its topological property. Such unusual behavior we uncover in three dimensional HgTe sheds light on convenient control of the Fermi surface and quantum transport in a topological insulator.
I. INTRODUCTION
Mercury telluride (HgTe) and several related II-VI materials have been widely accepted as zero or negative gap semiconductors [1] [2] [3] [4] . Studies of HgTe in its size-confined state (HgTe-CdTe quantum wells) mark the experimental realization of a topological insulator (TI), one of the most important discoveries in condensed matter physics in the past decade [5] [6] [7] [8] [9] [10] [11] [12] [13] . As decisive spectroscopic signature for identifying a TI, the helical spin-momentum locking behavior of the topological surface states (TSSs) have been observed experimentally in prototypical systems such as Bi 1−x Sb x and Bi 2 (Se,Te) 3 , where spin component tangential to band contours shows opposite polarization on opposite sides of a Dirac cone surface state 12, 14, 15 . Regarding HgTe, scientific interest and potential applications have thus far been limited to confined structures such as strained thin films and nanoscaled hybrid quantum wells where a two dimensional (2D), quantum spin Hall insulator is realized 5, [16] [17] [18] . Interestingly, it is theoretically found that bulk HgTe exhibit three dimensional (3D) topologically nontrivial behaviors that are special in at least two aspects. First, it exhibits topological non-triviality without spatial inversion symmetry. Such non-centrosymmetric topological systems have recently been brought to broad scientific attention [21] [22] [23] , as exotic ground state electronic structures are expected by allowing a nonzero Rashba-type bulk antisymmetric spin-orbit coupling term. Second, an unrelated band (the lower part of the Γ 8 band) is found to span across the energy inverted topological gap in HgTe 17, 18 , rendering the system semimetallic with surface Dirac fermions masked by bulk valence electrons at all energy levels. A 3D topological insulating state appears only when external strain breaks the four-fold crystallographic symmetry and opens a full insulating gap 24 . In this paper, we show with systematic data from spin resolved and circular dichroic angle resolved photoemission spectroscopy (ARPES) that a single Dirac cone TSS exists on the surface of 3D HgTe crystals whose Dirac point energy locates very close to the Fermi level. Despite the energy degeneration with a holelike bulk electron sea at all energies, the topological Dirac quasiparticles of HgTe exhibit sharp, linear dispersion without visible k z variation, as well as clear, leftright imbalanced spin polarization and circular dichroism that is comparable in degree with an in-gap Dirac cone. Our first-principles calculation not only proves unambiguously the topological nontrivial nature of the linear band but also exhibit excellent agreement on the degree of its spin polarization. Further band calculations with surface atomic relaxation taken into account indicates the presence of a sizeable gap between the upper and lower parts of the Γ 8 band in the surface of as-grown HgTe crystals. Our scanning tunneling spectroscopy (STS) dI/dV curve shows no contradiction with this hypothesis. The size of this surface gap is further found to be increasing with increasing deposition of alkali metals (K and Cs) onto the surface. Such unusual tunability we uncover in three dimensional HgTe sheds light on controlling the conductivity and electronic mobility of a topological insulator in an accurate and convenient manner. The present study opens the door for extensive spectroscopic and transport research on this topologically nontrivial system without inversion symmetry, and paves the way for novel topological devices based on this widely-studied bulk material without size confinement.
II. MATERIALS AND METHODS
HgTe single crystals were grown in a vertical Bridgman apparatus. Growth takes place in simple 2-zone furnaces with the pure elements contained in thick-walled highpurity quartz ampoules. The thick ampoule walls (3-4 mm) are needed to contain the high (up to ∼60 atm) mercury vapor pressures within the ampoules with increasing temperature up to 700
• C for direct synthesis from elements. For this purpose, an improved ampoule seal-off procedure was developed to make the growth at the higher temperatures possible. Both Hg and Te of 6N commercial purity were purified further via multiple vacuum distillations in a high purity quartz designs operating under dynamic vacuum of 10 −8 torr. The distillation procedures significantly reduced the amount of Cu and/or Ag acting as acceptors. The single crystal range of existence for mercury telluride in the Hg-Te binary system is almost completely on tellurium side. The maximum mercury non-stoichiometry in single crystals of HgTe grown from the melt is expected to be 1.7 × 10 −5 % at. To assure high quality materials the growth rates used during Bridgman growth were about 0.2-0.4 mm/hour.
Ultraviolet spin integrated ARPES measurements were performed at Beamline 4.0.3 (MERLIN) and 10.0.1 (HERS) of the Advanced Light Source (ALS), and Beamline 5-4 of the Stanford Synchrotron Radiation Lightsource (SSRL), California, USA, using VG-Scienta R8000 and R4000 electron analyzers with incident photon energies ranging from 18 to 60 eV. Soft x-ray spin integrated ARPES experiments were performed at the ADRESS beamline at the Swiss Light Source, Villigen, Swizterland, with incident photon energies ranging from 310 to 700 eV (Ref. 25) . Spin resolved ARPES measurements were performed at the ESPRESSO endstation installed at Beamline-9B of the Hiroshima Synchrotron Radiation Center (HiSOR), Hiroshima, Japan, equipped with stateof-the-art very low energy electron diffraction (VLEED) spin detectors utilizing preoxidized Fe(001)-p( The scanning tunneling microscopy (STM) experiments were performed on an Omicron low temperature STM system. The samples were cleaved inside the vacuum chamber. The sample temperature was kept at 78 K during the experiments.
First-principles calculations of the HgTe bulk electronic structure [ Fig. 2 (e)] were performed using HGHtype pseudo potentials 38 and a plane-wave basis set. The main program employed was developed by the ABINIT group 39, 40 . Spin-orbit coupling was included, where appropriate, using the relativistic LDA approximation. using the projector augmented wave method 42 as implemented in the VASP package 43 . The HgTe surface was simulated by a slab with a thickness of 55 layers and the vacuum thickness larger than 15Å. The electronic structures were optimized using a 9 × 6 × 1 Monkhosrt-Pack k-point, and the atomic positions near the surface were relaxed until the residual forces were less than 0.01 eV/Å. The spin-orbit coupling was included self-consistently in the electronic structure calculations.
To theoretically investigate the "surface insulating gap" of as-grown HgTe single crystals (last part of Section IV), a slab calculation (detailed above) is first performed to determine the lattice relaxation of the surface layers by limiting the residual forces to 0.01 eV/Å. Another bulk band calculation (detailed above) is performed after the slab calculation, taking the lattice relaxation into account. The result of this two-step calculation is valid only for the surface layers of as-grown HgTe crystals and for the estimation of the gap size before deposition.
III. CRYSTAL STRUCTURE, BRILLOUIN ZONE, AND EXPERIMENTAL CHARACTERIZATION OF THE CLEAVAGE PLANE
Before presenting our main experimental results, we prove here that the (110) plane is the natural cleavage plane of HgTe. Firstly, this is done by comparing the Laue diffraction pattern measured on our samples [ Fig.  1(a) ] and the electron diffraction pattern obtained by transmission electron microscopy (TEM) on a standard (110) plane (Fig. 1(b) , Ref. 44) . It is clear from Fig. 1 that the main diffraction peaks in the Laue and TEM results have one to one correspondence, marked by a dashed square and labels of two main bright spots in both panels. Ratio of edge lengths of the dashed squares measured 1 : √ 2, which matches the x-y atomic distance ratio for the (110) plane of a zinc-blende structure. Secondly, the (110) 17 represent the well-known topological non-triviality of HgTe. The connectivity between the Γ 8 and Γ 6 bands, the linear and isotropic (circular) dispersion, as well as the lack of k z dispersion of the inner band (detailed later) indicate that it is a TSS of HgTe, a statement also drawn in Ref. 18 . The linewidth of the TSS is measured to be as small as ∼ 0.02Å −1 (full width half maximum). Also it does not feel the rectangular symmetry of the bulk Brillouin zone, as it remains circular in shape up to E B ∼ 0.8 eV. These properties are consistent with the surface origin of the inner, Λ-shaped band. In Fig. 2(f) we present the ab initio bulk band structure projected onto the (110) surface, which is consistent with state-of-the-art GW calculations on HgTe 19, 20 . No bulk band appears in the partial gap between Γ 8 and Γ 6 . These findings, taken together, serve as direct evidences that the cusp-like inner band (red) originates from the sample surface, consistent with the characteristics of a TSS. We summarize the ARPES data in Fig. 2 by presenting a cartoon showing the ARPES extracted (110) surface electronic structure in Fig. 2(e) . In Fig. 3 we study the electronic structure of HgTe across the entire 3D k-space, which has not been reported with ARPES measurements albeit the heated scientific interest of this material. Data is obtained using a soft x-ray ARPES setup with photon energies ranging from 310 to 700 eV (raw data shown in Fig. 4 ). Experimental geometry is given in Ref. 45 . Fig. 3(a) presents the ARPES constant energy maps at E B = 1 eV for the three high symmetry cross-sections of the k-space. At this binding energy, the TSS is replaced by the bulk Γ 6 band; all bands seen by ARPES are thus highly dispersive along k z . As the binding energy decreases, ARPES intensity of the TSS becomes dominant, and non-k z -dispersive state is expected close toΓ. As shown in Fig. 3(b) , at E B = 0.2 eV, the resolved band experiences significant elongation along the k z axis. Since k z is equivalent to k y in the bulk Brillouin zone [both are (110) directions], such elongation can thus only be explained by the existence of a 2D surface state that appears at lower binding energies. The non-k z -dispersive nature of the TSS is further emphasized in Fig. 3(c) where its band dispersion is extracted for a large photon energy (k z ) range (25 to 360 eV). We see clearly that the TSS shows no k z dispersion within experimental error. The TSS is not visible in ARPES spectra from 370 to 420 eV (Fig. 4) due to highly suppressed photoemission matrix element value.
To summarize, we draw in Fig. 3(d) cartoons of the experimentally deduced constant energy band contours in three dimensions. The TSS of HgTe forms a cylinder whose radius increases with binding energy; the bulk Γ 8 and Γ 6 bands form complicated holelike contours that dominates the ARPES intensity at high E B 's. With the help of more bulk sensitive soft x-ray ARPES, the complete electronic structure of HgTe is measured for the first time.
In Fig. 4 we show the raw ARPES data of Fig. 3(c) , together with soft x-ray ARPES k-E maps measured with an even larger photon energy range: 310 < hν < 700 eV. Due to soft x-ray photon energy and usage of the wide angular mode (WAM) at the ADRESS beamline 25 , three Brillouin zones are visible in a single k-E map for photon energies from 310 to 400 eV. From e.g. the 360 eV map, one sees that three bulk bands, Γ 8 (lower portion), Γ 6 and Γ 7 from low to high binding energies, are clearly visible for the left and right zones. These bulk bands are k z dispersive as seen from panels of 370-400 eV photon energies. At 370 eV, the lower portion of Γ 8 touches E F , whereas at 400 eV it lowers to ∼ 1 eV binding energy. Γ 6 and Γ 7 follows basically the same trend. The Λ-shaped TSS is resolved in the first Brillouin zone (central zone), which is more clearly visible in photon energy range of 310 -350 eV. The TSS is not visible in ARPES spectra from 370 to 500 eV due to highly suppressed photoemission matrix element value. Together with Fig. 3 , the complete three dimensional electronic structure of HgTe and its coexistence of the two dimensional TSS is studied comprehensively. , sends out a clear message that the inner band features a righthanded spin helical texture which is unique for a spin momentum locked TSS. Clearly, the s x+ quasiparticles (red) situate solely on the +k y side, whereas the s x− quasiparticles (blue) situate solely on the −k y side. On the other hand, we performed first principles slab calculation on similar energy and momentum range as in the measurements, the result of which is shown in Fig. 5(b) . Firstly, the inner Λ-shaped band absent in bulk calculation [ Fig.  2(f) ] appears when the sample surface is taken into account. Secondly, from the comparison between Fig. 5(b) and 5(c), it is very clear that a remarkable consistency is found for the strong spin helical behavior between the calculational and experimental results. The conclusive observation in Figs. 5(b)-(d) thus proves that the inner Λ-shaped band that appears in the (110) surface electronic structure of HgTe is (the lower part of) a Dirac cone TSS whose Dirac point is very close to the as-cleave Fermi level. Note that spin polarization signal is present also in bulk states such as Γ 7 located at E B ∼ 0.8 eV. This signal appears both in the SARPES measurements and theoretical calculations [ Figs. 5(b)-(d) ]. Although the origin of this signal is not known, it does not affect our conclusion that the inner band is a TSS of HgTe. The degree of TSS spin polarization is found to reach about ±30%, comparable with that found in the in-gap TSSs of prototypical TIs (e.g. Bi 2 Se 3 ). This behavior closely resembles the spin polarized TSS found in strained α-Sn films 46, 47 , demonstrating that the existence of spin helical Dirac fermions is a general property in these systems.
Figs. 5(e) and (f) show the CD-ARPES data in two different incident photon energies, 24 and 28 eV, in comparison with the SARPES maps under the same photon energy [ Fig. 5(c)-(d) ]. Two facts are worth noticing from this comparison. First, the −k → +k sign change of spin polarization is reproduced in the CD-ARPES data, which supports the statement that I CD of a TSS is proportional to the quasiparticle spin. Second, the overall sign change between I CD (24 eV) and I CD (28 eV) for all resolved bands is not reproduced in the SARPES data. Such a sign change relates to sign-changing modulation of the orbital angular momentum (OAM) rather than the physical spin. Despite the more complex origin of the CD-ARPES signal, the relative −k → +k sign change in the CD-ARPES signal still signifies the spin helical texture of the TSS, regardless of relative intensity and handedness. We will explain the data in Fig. 7 using this argument.
Before going into the data on carrier-deposited HgTe surfaces, we would like to discuss the possibility that a full, insulating band gap between the upper and lower Γ 8 band opens in the surface layer of as-grown HgTe crystals. Our first-principles calculations as well as local density of states (LDOS) measured with dI/dV curve (STS) do not contradict to the idea that such "surface insulating gap" may exist even in as-cleaved surfaces of 3D HgTe. The evidences are listed in Fig. 6 . In Fig. 6(a) we present the theoretical slab model used to calculate the surface atomic structure of HgTe. It is the same model as used in Fig. 5 for calculating the spin polarization of the TSS. We notice, as marked in Fig. 6(a) , that the sample-vacuum interfacial potential barrier gives rise to a distortion of the surface atoms, under which the Hg-Te bond angle becomes 38
• with respect to the surface, a phenomenon similar to the distortion observed in semiconducting GaAs 48, 49 . If we introduce such lattice relax- band [see Fig. 2(c) for band definition] . Please note that the Γ 8 bulk bands appear to be solid blue in Fig.  6(b) , solely because these are results from a bulk calculation, not a slab calculation. In other words, electronic states appear everywhere within the Γ 8 band. However, one must keep in mind that such calculation is valid only for the surface layer of HgTe, since the 38
• tilting angle only appears there. As one goes from the surface layers to the bulk layers, the tilting angle is expected to decrease and finally goes to zero, so the "surface gap" is expected to be suppressed and eventually vanishes in deep bulk. Note that, according to the calculation, the depth of this surface region (in which the tilting angle is finite) is greater than the 55 layers we used in our calculation model as well as the ARPES penetration depth. In Fig. 6(c) we present a typical dI/dV /(I/V ) curve (STS) taken on the clean (110) surface of 3D HgTe, which is believed to be proportional to the LDOS 50 . A rapid decrease and increase of dI/dV /(I/V ) sitting just above the Fermi level is revealed, which shows no contradiction to the existence of a gap-like feature in the energy bands of size ∼ 150 meV. Both the location and the size coincides with the theoretical prediction very nicely, except that the experimental observed gap is not a full gap but is partially filled. Since the sample temperature was kept at 78 K during the experiments, thermal broadening is not sufficient to fill this relatively wide gap. Therefore, it is likely caused by the contributions from the TSS (if the probing depth of STS is smaller than the penetration depth of the gap). In conclusion, theoretical and experimental results do not contradict to the existence of a Γ 8 insulating gap as large as 100-150 meV near the surface of 3D HgTe crystals. Although other explanations for the dI/dV dip cannot be ruled out, it is possible that a true insulating gap exists at the surfaces of 3D HgTe, resulting in a surface-bound topological insulating state which have not been observed in any topological semimetal.
V. ELECTRONIC STRUCTURE OF HgTe UNDER SURFACE DEPOSITION
From the previous section we deduced that the surface layer of 3D HgTe is possibly a fully gapped topological insulator with a single Dirac cone topological surface state. To further investigate such an unusual state and its band structure in the unoccupied side, we examine in Fig. 7 the surface electronic states of HgTe under alkali metal deposition on the (110) surface. This measurement leads to a very important observation -we found a direct insulating gap hundreds of meV in size, and a fully exposed Dirac cone TSS spanning across this gap. While evidences point to the existence of an insulating gap in as-grown HgTe surfaces, the deposited surface of a HgTe single crystal is proved to exhibit all spectroscopic signatures for a 3D topological insulator. In Figs. 7(a) -(e) we present the ARPES k-E maps under increasing cesium dosage which n-dopes the system. The crucial observation is that a V-shaped band [dashed lines in Fig.  7 (e)] becomes visible as E F raises, combining with the Λ-shaped TSS to form a perfect X-shaped, linearly dispersive band across the topologically nontrivial gap between Γ 6 and the upper portion of Γ 8 [visible in Fig. 7(k) ]. The topological nature of this X-shaped band is revealed in Figs. 7(f)-(j) where we perform CD-ARPES measurements on the deposited surface. For the upper portion of the X-band, the CD signal shows clear left-right imbalance and a reversed sign with respect to the lower portion. Using the argument we drawn for CD-ARPES signal in Fig. 5 , we conclude that this X-shaped band is a true gapless Dirac cone TSS. The finite in-gap density of states results solely from this TSS. Topological transport behavior is expected in a large energy range across E F , and at certain deposition levels [e.g. Figs. 7(b),(c) ] only the TSS is found to cross E F , realizing a bulk insulator at least from the ARPES point of view. In Fig.  7 (k) we measured the electronic structure under increas- ing potassium dosage. Not only does high K deposition reproduces the upper Dirac cone seen with surface Cs dopants, the bottom of the bulk conduction band (upper portion of Γ 8 ) also becomes visible. Interestingly, the gap size is found to increase with increasing potassium deposition, from about 290 meV at 2Å K dosage, to about 392 meV at 3.3Å K dosage [ Fig. 7(l) ]. From the data in Fig. 7 , the topological insulating nature of the HgTe surface deposited with alkali metals is proven without ambiguity.
In Fig. 8 we investigate the time evolution of the electronic structure in the deposited surface, showing that this electron doped state is not stable over time. At a relatively low temperature (T = 12 K), the increased electron concentration from alkali metal deposition gradually retracts; within hours the HgTe surface returns to the electron-hole balanced situation where the Fermi level lies ∼ 50 meV above the Dirac point. We demonstrate this process in Fig. 8 where the same ARPES k-E map is taken repeatedly under increasing Cs dosage, except for Panels 3 and 4 who are taken 12 hours apart but with no additional Cs deposition. When the ARPES maps are taken not-so-long (within 30 min) between one another, a gradual increase of electron concentration leads to an apparent upturn of the Fermi level (Panels 1-3 and 4-7) , showing that the Cs adatoms contribute extra electrons to the HgTe surface. However, when we let the samples sit at 12 K in ultra-high vacuum for an extended period of time (in this case 12 hours, Panel 3 → 4), the degree of electron doping retracts abruptly; the Fermi energy returns almost to the as-cleave level -∼ 50 meV above the Dirac point. Therefore, the deposited surface is not stable over time, the reason of which is likely that the extra electron situating at the surface are gradually absorbed by the crystal bulk, moving to a depth where photoemission is unable to detect. Note that the same deposition process is also performed at room temperature (data not shown). In this case, the Fermi level is retracting so quickly back to the as-grown level such that no increase of electron count could be seen, neither does the upper portion of the Dirac cone TSS or the BCB; the k-E map appears to be not changing at all. In order to realize a stable surface three dimensional TI state, we thus need to seek for a stable bulk electron dopant instead of surface deposition. Needless to say, alkali metal doped HgTe is a promising candidate.
The unexpected results shown in Fig. 6 (c), 7 and 8 warrants further discussion. So far we have made theoretical arguments for a non-vanishing gap (100-150 meV in size) at the as-cleaved HgTe (110) surface; our ARPES and STS data show no contradiction to this argument. More importantly, a solid proof is presented for the existence and monotonic increase of such a gap in surfaces deposited by alkali metals, up to ∼ 400 meV at high dosage. In other words, if we plotted the gap size (either hypothesized or proved) as a function of K dosage, we would see an almost linear trend of gap increase under increasing dosage. If we extrapolate linearly the gap values [∆(2) = 290 meV, ∆(3.3) = 392 meV] for the K deposited surface back to zero dosage, we would obtain ∆(0) = 140 meV, consistent with both the theoretical value (∼ 100 meV) and the STS data (∼ 150 meV, although one can debate whether or not the STS actually shows the gap). Therefore, the most likely picture here is that this surface gap exists intrinsically, and can also be modulated by surface deposition. Staying in ultra-high vacuum causes a retraction of the doping effect, while further increase of dosage compensates such retraction. These treatments create together a recipe to accurately control the Fermi level and the surface gap size of 3D HgTe. Such surface semimetal-to-TI transition and the accurate gap control is thus far unseen in any topological system.
As for the origin of the surface gap, here we introduce an idea which is consistent with our data, without ruling out other possibilities. Crystallographic symmetry of HgTe requires a vanishing gap for the bulk bands 17,51 , but a complete insulating gap in the order of 300 meV can be introduced in the surface layers where the lattice constant ratio a/c can be different from the bulk value [(a/c) bulk = 1] (Ref. 24) . The farther the a/c ratio is away from unity, the larger the gap. In our experiment, when the surface is deposited by alkali atoms, as more adatoms are introduced to the surface, the scale of the surface relaxation enlarges, thus the gap also increases. If one examine Fig. 7(a) -(e) with greater care, it may be noticed that there is extra intensity near the Fermi level, which could be attributed to the bulk state, just as in the case of K deposition [ Fig. 7(k) ], although an unambiguous demonstration of this would need careful analysis of the EDCs and MDCs. Please note, however, that even if such extra intensity was indeed due to the bulk conduction band, our main conclusion on the insulating gap -that it is larger than 100 meV and is increasing with increasing dosage -remains valid. On the other hand, effects from charge accumulation layer 2 may result in seemingly alike ARPES observations, but this does not affect the main conclusions of the paper that a controlled deposition/aging sequence provides accurate manipulation on the Fermi level and the surface gap size of 3D HgTe. Taken collectively, our comprehensive study on 3D HgTe paves the way for convenient control of the Fermi surface and quantum transport in a topological insulator, which is extremely important for future mass production of functional TI materials. This study also sheds light on future spectroscopic and transport research on this topologically nontrivial system with spin splitting of bulk bands, laying the foundation for realizing novel non-centrosymmetric topological phenomena in future devices.
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